Abstract -In the EV/HEV motor driving system, one of the most important elements that should be taken into account would be a battery that drives the whole system, because the rest of the circuit elements except battery have been relatively well established in the power electronics area. Because of the high frequency power harmonic noises inherent in the circuit, exact voltage fluctuation analysis of the driving circuit at the design stage has been emphasized quite a lot so far. This paper describes the analysis of motor driving circuit with novel battery model employed: as a result, the fluctuated battery voltage for a given DOD (Depth of Discharge) could be calculated. A filter design procedure that takes into consideration of the battery characteristics is also described for a fixed DOD. The effectiveness of the designed filter was confirmed by simulation, which was performed by using MATLAB, Ansys' Simplorer, and Agilent Technology's ADS (Advanced Design System).
Introduction
EV (Electric Vehicle) or HEV (Hybrid-Electric Vehicle) basically employs power electronic circuit to charge battery as well as to drive a motor, and the high voltage in the circuit, typically in the range of hundreds volts, needs to be chopped to control the driving circuits, and as a result it is inevitable to produce high frequency harmonic voltage/ current components inside. Therefore one of the most important things the HEV motor circuit designer needs to consider is the prediction of the electromagnetic compatibility of the driving circuit at the design stage. This is crucial to avoid unnecessary trial and errors after fabrication of the whole driving circuit only to find that the circuit needs to be revised to satisfy EMC standards such as IEC/CISPR and ISO. Therefore, precise analysis of the motor driving circuit is mandatory in the EV/HEV development process at the design stage. The main elements of power electronic circuit in the HEV are such as a high voltage battery, IGBT (Insulated Gate Bipolar Transistor) inverter to control motor through PWM (Pulse Width Modulation) algorithm, BLDC (Brushless DC) motor, and so on. Since the other elements except the battery have been common in the classical driving circuit simulation, an emphasis is put on the battery circuit modeling, which enables to simulate the driving circuit at various DOD levels. For this purpose, battery circuit model includes not only a simple DC model in time domain, but also complex R-C elements in frequency domain, coming from charge transfer resistance and double layer capacitors in the battery. Since the R and C in the battery model depend on the DOD level of the battery, one needs to take into consideration the frequency-dependent battery impedance as well as the load condition to design the filters in the motor driving circuit.
This paper is organized as follows. In the next chapter, battery model which is used in the analysis of motor driving system is introduced. In chapter 3 all the circuit elements, such as battery, inverter, and filters, are integrated to form the whole circuit, and brief filter design procedure is described. Chapter 4 demonstrates the simulated results of the voltage fluctuations and the conducted noise, and the effectiveness of the filter is also shown. Finally, this paper ends with a conclusion and further works in the last section.
Battery Modeling
The Battery model is composed of double layer capacitances, film capacitance 1 and 2, charge transfer resistance, film resistance 1 and 2, separator resistance and open circuit voltage as described in Figure 1 . 
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Cf2 Cdl One is the exponential zone and the other is the nominal zone. Using boundary conditions of these two sections, the parameters of this battery can be obtained. [2] Based on the description so far, the output voltage at the load can be represented as
, where v internal (t) is the voltage drop across the seven R and C elements. Notice that v out (t) is dependent not only on the voltage drop of v internal (t) due to the capacitances and resistances but also on the current integration in time domain. [5] Since the load resistance RL is controlled to get a constant current during discharging process, so the introduction of the resistances of Rs, Rf1, Rf2, and Rct with constant current condition does not change the current value in the circuit. Moreover, since the typical discharging period is in the order of an hour, the capacitances in Fig. 1 do not have any actual effects on the time-varying output voltage v out (t) . This proposed battery model has been found to precisely predict the discharge characteristics of the Liion polymer battery quite well at different current levels in time domain and the AC impedance characteristics in frequency domain as well. [2] [4].
Analysis of the Driving Circuit
The motor driving system is basically the combination of battery and an inverter. In the inverter, pulse-width modulation technique is usually used to modify the width of the pulses in a pulse train. By using a sinusoid of the desired frequency as the control voltage for a PWM circuit, it is possible to produce a high-power waveform suitable for the load. PWM technique is employed in a variety of applications, ranging from measurement to communications for power control and conversion. Right bottom part of Fig.  2 illustrates three phase PWM inverter with an AC machine load where each machine phase is represented by a counter EMF in series with inductance and resistance. [6] If ideal voltage source is used, the voltage fluctuation coming from the inverter would not be observed. Since the battery is not, of course, ideal (zero internal impedance), the battery DC voltage is fluctuated quite a lot by the inverter switching voltages, which needs to be suppressed. [7] In this model, 48 unit cell batteries were connected in series making the whole voltage to be 201.6V as described in Fig. 2 , and the inverter system has fifteen-kHz for the switching and sampling with symmetrical triangular PWM modulation. [8] Using the above-developed battery model, the impedance of the battery at 15 kHz can be estimated, of course, and this battery impedance is shown to be real number dominated, neglecting the imaginary number. [4] When we design a filter in this paper, therefore, we consider the real part of the battery impedance at the frequency of 15 kHz, and use the image parameter methods to design a low pass filter. Taking R0 as the real part of the battery impedance, L and C in the low pass filter can be obtained as [9] :
, where c ω is the cut-off frequency of the filter, and R 0 is nominal characteristic impedance, sometimes defined as k.
After calculation of L and C as in (2) and (3), m is used to compensate the relatively slow attenuation rate past cut-off frequency as in Fig. 3 . Since the matching section impedance varies as the frequency changes, we need to choose m so that we can minimize the variation of impedance over the pass-band of the filter. Fig. 4 shows this variation with frequency for several values of m. From the figure, m=0.6 would show the best results matching the impedance in wide band. [9] . With m=0.6, the designed parameters are L=101.76uH, C=4.42uF, mL/2 = 30.5nH, (1-m 2 )L/2m = 54.24uH, and mC/2= 1.31uF.
Generally this value is quiet large in the circuit. But in the motor driving circuit, this value is reasonable. And also, the considerable reduction at the fundamental frequency as well as its harmonics components things is observed in the result. 
Conclusion
In this paper, the battery model which can be used in the time domain as well as in the frequency domain was used to develop the analysis of the motor driving system in EV/HEV system. Using the developed battery model, the DOD dependent AC parameters were successfully defined, and the filter design method with consideration of source impedance has been developed. For a given DOD, the source impedance was real number dominated, and using the image parameter method low pass filter was designed. Introducing m-derived matching section, the variation of the impedance could be minimized, resulting in wide band matching in the frequency range. The designed filter effectively depressed the harmonics produced by the PWM switching voltages. For further studies, the filter design in the wide range of DOD levels with different motor conditions needs to be developed. 
